Prepulse inhibition (PPI) refers to the phenomenon in which a low-intensity prepulse stimulus attenuates the reflexive response to a succeeding startle-eliciting pulse stimulus. The hippocampus, among other structures, is believed to play an important role in the modulation of PPI expression. In a5(H105R) mutant mice, the expression of the a5 subunit-containing GABA A receptors in the hippocampus is reduced. Here, we report that PPI was attenuated, and spontaneous locomotor activity was increased in a5(H105R) mutant mice. These effects were apparent in both genders. Thus, a5 subunit-containing GABA A receptors, which are located extrasynaptically and are thought to mediate tonic inhibition, are important regulators of the expression of PPI and locomotor exploration. Post-mortem analyses of schizophrenia brains have consistently revealed structural abnormalities of a developmental origin in the hippocampus. There may be a possibility that such abnormalities include disturbance of a5 GABA A receptor function or distribution, given that schizophrenia patients are known to exhibit a PPI deficit. Our data further highlight that the potential use of a5-selective inverse agonists to treat hippocampal-related mnemonic dysfunction needs to be considered against the possibility that such compounds may be adversely associated with deficient sensorimotor gating.
g-Amino-butyric acid (GABA) is the major inhibitory neurotransmitter in the central nervous system. Fast synaptic inhibition is mediated by GABA A receptors, which are heteropentameric GABA-gated chloride channels. Benzodiazepines enhance the action of the neurotransmitter GABA at GABA A receptors by interaction with their modulatory benzodiazepinebinding site. These drugs display sedative, hypnotic, anxiolytic, muscle relaxant, anticonvulsant and amnesic actions. It has been shown that individual actions of benzodiazepines are mediated by specific receptor subtypes. The sedative and anterograde amnesic actions of benzodiazepines are mediated by a1-containing GABA A receptors, 1,2 while the anxiolytic-like activity is mediated by a2-containing GABA A receptors 3 and the muscle relaxant activity by a2-, a3-and a5-containing GABA A receptors. 4, 5 Furthermore, the deletion or reduction in the number of a5-containing GABA A receptors, which are localised mainly in the hippocampus, 38, 39 was associated with some forms of enhanced learning. 5, 6 Similar promnesic effects have also been reported recently following treatment with an a5-selective inverse agonist. 7 In addition to its role in mnemonic processes, the hippocampus has also been found to play a role in sensorimotor gating, a form of early attentional control. Sensorimotor gating is typically measured using the prepulse inhibition (PPI) paradigm. PPI refers to the phenomenon in which a low-intensity prepulse stimulus attenuates the response to a succeeding startle-eliciting pulse stimulus. 8 Deficits in PPI have been associated with a number of psychiatric disorders, including schizophrenia and obsessive compulsive disorder. 9 In animals, PPI is disrupted by systemic treatment with dopamine receptor agonists and NMDA receptor antagonists (for a review, see Geyer et al 10 ). The normal expression of PPI appears to be critically dependent on dopaminergic transmission in the nucleus accumbens, which in turn is modulated by the directed glutamatergic projection arising from various limbic structures including the prefrontal cortex, 11 amygdala 12, 13 and hippocampus (for a review, see Swerdlow et al 14 and Bast and Feldon 15 ). Hence, alterations of local GABA-mediated inhibitory control within these limbic cortices would be expected to affect the expression of PPI.
Evidence for an involvement of the hippocampus in the control of PPI expression has been derived from selective lesions studies [16] [17] [18] and focal pharmacological administration targeted directly at the hippocampus (for a review, see Bast and Feldon 15 ). In particular, Bast et al 19 demonstrated that intra-hippocampal infusions of the GABA A receptor antagonist, picrotoxin, attenuated PPI. This suggested a clear involvement of hippocampal GABA A receptor activity in the modulation of PPI expression. The effect of intrahippocampal picrotoxin infusion might be mediated by disinhibition of principal hippocampal neurons, and thereby disturbing normal hippocampal activity. 15 However, this drug treatment cannot discriminate between the different GABA A subtypes found in the hippocampus. a5 GABA A receptors are located in a strategic position to modulate the excitatory activity of hippocampal principal neurons. 21 They are positioned extrasynaptically at the base of the spines, which receive the excitatory input, and on the adjacent dendritic shaft. 5, 22 A partial reduction of a5 GABA A receptors restricted to CA1-3 subfields of the hippocampus was achieved by the introduction of a point mutation (H105R) in the a5 subunit (see Figure  3 and Table 1 of Crestani et al 5 ). Given that the mutation represents essentially a region-specific partial knockdown, the likelihood of compensatory changes is also less compared to a full knockout.
The a5(H105R) mutation thus provides the opportunity to examine if a selective reduction of hippocampal a5-GABA A receptor-mediated inhibition itself is sufficient to attenuate the expression of PPI. Since the reduction is apparent along the entire septotemporal axis of the hippocampus (Jean-Marc Fritschy, personal communication), it does not readily allow one to distinguish between the relative contributions of the dorsal and the ventral aspects of hippocampus in the present experiments. It is known that although acute interference of both dorsal and ventral hippocampal activity can disrupt PPI, the precise mechanisms involved might differ (See Bast and Feldon 15 ). Nevertheless, the a5(H105R) mutation is expected to interfere with hippocampal signalling throughout the entire hippocampus proper by reducing the GABAergic tone normally sustained by the a5 GABA A receptors. The monosynaptic transmission from the hippocampus to the nucleus accumbens (the hypothesised centre of PPI control) as well as the interaction between the hippocampus and other limbic structures, including the amygdala and prefrontal cortex, which possess direct influence on nucleus accumbens activity themselves, may be altered. Thus, the neural network regulating the expression of PPI might be affected at multiple loci by the partial konckdown of a5 GABA A receptors in the hippocampus. Given the pivotal position assigned to the nucleus accumbens in this hypothesis, we further evaluated the effect of the a5 (H105R) mutation on spontaneous locomotor activity in an open field, as it is highly sensitive to a possible functional imbalance of striatal dopaminergic state.
Materials and methods

Mouse breeding
The generation of the a5(H105R) mice has been described previously. 5 In short, RW-4 embryonic stem cells derived from the 129/SvJ substrain were purchased from Genome Systems (St Louis, USA). Chimeras were bred with EIIa-cre mice 23 on the 129Sv/J background (RCC, Fü llinsdorf, Switzerland), and the neomycin-resistance cassette was permanently removed. Offspring carrying the cre transgene and the mutation were then bred with wild-type 129/ SvJ mice, and animals carrying the point mutation but not the EIIa-cre transgene were selected. These mice were further bred against 129/SvJ wild-type mice. Subsequently, heterozygotes were intercrossed to produce the homozygous mutant and wild-type breeding pairs for the present experiment.
Subjects
The subjects were 40 mutant (20 males and 20 females) mice and 40 wild-type (20 males and 20 females) mice, derived from 20 mutant and 20 wildtype independent litters. They were bred at the SPF facilities at the Laboratory of Behavioural Neurobiology (Schwerzenbach, Switzerland). The animals were 10-12 weeks old at the time of testing. All animals participated in the open field experiment, half of these mice (10 male and 10 female mutant, 10 male and 10 female wild-type) were also employed in the PPI experiment. At the end of the present behavioural test, the animals were further evaluated behaviourally before being killed, and tissue was obtained from each subject to confirm their genotypic identity by standard PCR techniques.
Apparatus and procedures
Open field activity The open field consisted of four wooden square arenas (40 cm Â 40 cm). They were located in a testing room with dim diffused lighting. Two open fields were designated for males and the other two for females. Mice of both sexes were tested on a given session. A digital camera was mounted above the arenas. Images were captured at a rate of 5 Hz, and transmitted to a PC running the Ethovision (Noldus, Wageningen, The Netherlands) tracking system. Each animal was tested once for an hour. The apparatus was cleansed with a damped cloth between trials.
PPI The apparatus consisted of two identical acoustic startle chambers for mice (SR-LAB, San Diego Instruments, San Diego, CA, USA). Each comprised a nonrestrictive cylindrical enclosure made of clear Plexiglas attached horizontally on a mobile platform, which was in turn resting on a solid base inside a sound-attenuated isolation cubicle. A high-frequency loudspeaker mounted directly above the animal enclosure inside each cubicle produced a continuous background noise of 65 dB A and the various acoustic stimuli in the form of white noise. Vibrations of the Plexiglas enclosure caused by the whole-body motion of the animal were converted into analogue signals by a piezoelectric unit attached to the platform. These signals were digitised and stored by a computer. In total, 130 consecutive readings were taken at 0.5-ms intervals (ie, spanning across 65 ms), starting at the onset of the startle stimulus in pulsealone and prepulse-plus-pulse trials, and at the onset of the prepulse stimulus in prepulse-alone trials. The average amplitude over the 65 ms was used to determine the stimulus reactivity. The sensitivity of the stabilimeter was regularly calibrated to ensure consistency between chambers and across sessions. PPI was assessed in a test session lasting for approximately 35 min, in which the subjects were presented with a series of discrete trials comprising a mixture of four types of trials. These included pulsealone trials, prepulse-plus-pulse trials, prepulsealone trials and trials in which no discrete stimulus other than the constant background noise was presented. A reduction of startle magnitude in prepulse-plus-pulse trials relative to those in pulsealone trials constitutes PPI. The pulse stimulus employed was 120 dB A in intensity and 40 ms in duration. Prepulses of various intensities were employed: 69, 73, 77 and 81 dB A , which corresponded to 4, 8, 12, and 16 dB A above background noise, respectively. The duration of prepulse stimuli was 20 ms. The SOA (stimulus onset asynchrony) of the prepulse and pulse stimuli on prepulse-plus-pulse trials was 100 ms.
A session began with the animals being placed into the Plexiglas enclosure. They were acclimatised to the apparatus for 2 min before the first trial began. The initial six trials consisted of startle-alone trials, which served to habituate and stabilise the animals' startle response. Subsequently, the animals were presented with 12 blocks of discrete test trials. Each block consisted of one trial of each of the following trial types: pulse-alone, prepulse-plus-pulse trials of each of the four levels of prepulse, prepulse-alone of each of the four levels of prepulse and no stimulus (ie, background noise alone). The session was concluded with the final set of six consecutive startle-alone trials. The interval between successive trials was variable with a mean of 15 s (ranging from 10 to 20 s). Two animals of the same sex were tested at a time, and the apparatus was cleansed before the next two animals were tested. The order of testing was counterbalanced between sexes.
Statistical analysis
The data were subject to analysis of variance (ANOVA) carried out using the software SPSS for Windows (version 11). Startle reactivity (in arbitrary units) was first subjected to logarithmic transformation (base e) prior to analysis in order to conform more closely to the normality and variance homogeneity assumptions of parametric ANOVA. Separate analyses were conducted to evaluate startle reactivity, prepulse-elicited reactivity and the prepulse inhibition effect. Fisher's LSD post hoc comparisons were conducted when necessary to ascertain the nature of significant main effects and interaction terms emerged from the overall ANOVA.
Results
Open field activity Locomotor activity as measured by the distance travelled was gradually reduced over the test period of 60 min. There was a clear gender difference with female mice showing a higher level of locomotor activity. The a5(H105R) mutation led to a general elevation of locomotor activity (see Figure 1) .
The interaction between gender and bins also attained significance [F(11,836) ¼ 3.55, Po0.001]. This suggested that the rate of habituation also significantly differed between genders, with male mice habituating quicker and to a lower level compared to the female. On the other hand, the effect of genotype was not associated with a significant interaction with bins [F(11,836) ¼ 1.67, P ¼ 0.076].
Startle habituation and startle reactivity Habituation of startle response to the pulse stimulus was assessed by a comparison between the initial six and the final six consecutive trials of pulse-alone presentations using a 2 Â 2 Â 2 (genotype Â gender Â The mean reactivity across the 12 pulse-alone trials presented in the middle of the session, intermixed with other trial-types, was separately analysed in a 2 Â 2 (genotype Â gender) randomised block ANOVA. This yielded a main effect of gender [F(1,36) ¼ 8.95, P ¼ 0.005] in the same direction as described above (see Table 1 ). Again, neither the main effect of genotype nor its interaction terms attained statistical significance.
PPI
We followed the convention to express PPI as percent inhibition startle reactivity on prepulse-plus-pulse trials relative to pulse-alone trials. At each of the four prepulse intensities, percent PPI was calculated as [1-(mean reactivity on prepulse-plus-pulse trials/mean reactivity on pulse-alone trials)] Â 100%. The mean reactivity on pulse-alone trials was obtained by averaging across the 12 pulse-alone trials presented in the middle of the session, intermixed with other trial-types.
As illustrated in Figures 2a and b , increasing intensity of the prepulse stimulus was associated with stronger PPI. This was apparent in all animals. However, there was a clear reduction of PPI in the mutant mice of both genders. This difference between mutant and wild-type mice was largely uniform across the four prepulse intensities examined. These impressions were confirmed by a 2 Â 2 Â 4 (genotype Â gender Â prepulse intensities) split-plot ANOVA, which yielded a highly significant effect of prepulse intensities [F (3,108) 
Prepulse-elicited reactivity
The (ln-transformed) reactivity score obtained on prepulse-alone and no-stimulus trials are illustrated in Figures 2c and d . Within the male gender, a5(H105R) mutation enhanced reactivity to the prepulse stimulus. This effect was more apparent with prepulses of higher intensities. On the other hand, while female wild-type mice showed a clear monotonic increase of reactivity towards prepulse of increasing intensities, mutant female mice exhibited little variability in their reactivity across different prepulse intensities.
These impressions were confirmed by a 2 Â 2 Â 5 (genotype Â gender Â prepulse intensities) split-plot ANOVA, which yielded a significant three-way interaction [F(4,144) ¼ 3.85, P ¼ 0.005] and a main effect of prepulse intensities [F(4,144) ¼ 6.70, Po0.005]. Post hoc comparison suggested that prepulse-elicited reaction was significantly elevated in the mutant male at the prepulse intensities of þ 12 and þ 16 dB A above background [P'so0.05], whereas the mutation was not associated with such an effect in the female.
Discussion
The present study shows that a reduction of a5-containing GABA A receptors in the hippocampus in a5(H105R) mice was sufficient to attenuate the PPI effect and to enhance spontaneous locomotor activity in the open field. The same mutation has previously been shown to enhance a form of hippocampus- Mean startle reactivity towards the pulse stimulus in the first and the last blocks of six consecutive pulse-alone trials was used to assess startle habituation. The last column presents the mean startle reactivity obtained across the 12 pulse-alone trials presented in the middle of the session, intermixed with other trial types. These trials were used to evaluate prepulse inhibition. Values are means7SEM (ln-transformed data).
dependent learning. 4 There is thus accumulating evidence to suggest that a5 GABA A receptors normally play an important role in the regulation of multiple hippocampal functions.
The PPI disruption was demonstrated against a lack of difference in startle reactivity (as well as rate of startle habituation) between wild-type and mutant mice. Although startle magnitude was significantly weaker in the female mice (regardless of genotypes), the magnitude of the PPI disruption remained comparable between genders. It was further shown that the disruption of PPI by the a5(H105R) mutation could not be solely accounted for by the difference in startle reactivity between mutant and wild-type mice.
The results support the suggestion that PPI is highly sensitive to imbalance between excitatory and inhibitory hippocampal neurotransmission. In a5(H105R) mice, the deficit of extrasynaptic a5-containing GABA A receptors would be expected to enhance excitatory activity and transmission in hippocampal pyramidal cells. The resulting disturbance of hippocampal activity thereby attenuates PPI expression. Indeed, while excitatory input is received at the spines of hippocampal pyramidal cells, a5-containing GABA A receptors are located at the base of the spine and on the adjacent dendritic shafts. They are therefore in a strategic position to counterbalance excessive neuronal excitation, which could be envisaged to cause simultaneous firing from multiple interneurons, leading to a GABA spill-over.
Our finding that a5-containing GABA A receptors modulate PPI is in line with data derived from selective lesion studies 16 and from in vivo intrahippocampal infusion studies 19, 20, 24 (for a review, see Bast and Feldon 15 ). Such invasive manipulations have been reported to disrupt the expression of PPI and to alter spontaneous locomotor activity. However, this interpretation may seem inconsistent with genetic alterations that are known to result in massive hippocampal dystrophy, yet apparently spare PPI (eg, Paylor et al 25 ) . These data suggest that the (structural) integrity of the hippocampus is not essential for the expression of PPI. However, this is not in direct conflict with the claim that PPI is normally under the regulation of the hippocampus (and specifically a5-containing GABA A receptors in the hippocampus) in intact animals. Developmental compensation may offer one explanation. It should be also noted that PPI attenuation induced by hippocampal damage is a somewhat fragile phenomenon: this lesion effect can be limited in size, 26 and it is not consistently demonstrated over time. 27 In contrast, in vivo interventions targeted at the intact hippocampus are more consistently effective in affecting PPI. These include manipulations that are designed to stimulate, inhibit, or temporarily deactivate the hippocampus (see Table  1 of Bast and Feldon, 15 ). Thus, it seems that temporary disturbance of hippocampal activity is more effective than hippocampal ablation in producing observable effects on PPI. This is consistent with the notion that one critical factor is the precise Figure 2 Prepulse inhibition (PPI) expressed as percent inhibition (percent startle reduction relative to pulse-alone trials) was illustrated separately for male and female subjects (a and b, respectively). Percent PPI was plotted as a function of prepulse intensities (dB A above the background noise level of 65 dB A ). Reactivity (ln-transformed) obtained on prepulse-alone trials was also expressed as a function of prepulse intensities (including ' þ 0' condition which refers to 'no-stimulus' trials), and plotted separately for male and female subjects (c and d, respectively). Filled symbols refer to mutant mice, and open symbols to wildtype controls. Square symbols refer to male, and circles to female. Inserted histograms depict the group means averaged across the prepulse intensities illustrated in the corresponding graphs. Error bars refers to 7SEM.
a5-GABA A receptors regulate PPI J Hauser et al balance between the excitatory or inhibitory activities within the hippocampus of (genetically and structurally) intact animals. It should also be emphasised that the hippocampus represents one among several structures within an interconnected network that normally modulates the expression of PPI. The amygdala as well as the prefrontal cortex can similarly influence the expression of PPI, and these have been demonstrated by local GABAergic manipulations targeted at these areas. 11, 12 The present study also showed that although the a5(H105R) mutation produced a comparable effect on PPI in both genders, it affected prepulse-elicited reactivity differentially between the two genders. In the male mice, it enhanced the reactivity to the prepulse stimulus, while the a5(H105R) mutation impaired sensitivity to the effect of increasing prepulses in the female (without an overall difference between mutant and wild-type mice). In contrast, an opposite pattern of gender difference was observed in the wild-type controls, with the male mice showing reduced sensitivity to the prepulse in comparison to the female. It should be noted that drug-induced PPI disruption by pharmacologically distinct classes of compounds might be dissociable with respect to their concomitant effect on prepulse reactivity. 28, 29 It has been shown that apomorphine-induced PPI disruption in the mouse is associated with enhanced prepulse reactivity. 28 This effect on prepulse reactivity is, however, largely not seen in PPI disruption induced by NMDA receptor antagonists at doses that are most effective in disrupting PPI. NMDA receptor antagonists, MK801 as well as PCP, tended to reduce prepulse reactivity at doses that led to the clearest disruption of PPI in mice. 29 The effect of the a5 subunit mutation on PPI thus resembles apomorphine-induced PPI in the male, but not in the female gender.
This therefore suggests that, at least in the male, the disruption of PPI observed might be associated with some forms of functional hyperdopaminergia. This interpretation is strengthened by the observation that the mutation also enhanced activity in the open field. Anatomically, this is consistent with the hypothesis that hippocampus regulates PPI expression via its connection to the nucleus accumbens, in which the integration of glutamatergic inputs from various limbic cortices and the ascending dopaminergic inputs takes place (see Swerdlow and Geyer 30 ). Hence, interventions designed to reduce directly nucleus accumbens glutamatergic excitation have also been reported to disrupt PPI. 31, 32 Furthermore, given the complex network of neuronal control over the expression of PPI involves several other structures (eg, amygdala and prefrontal cortex), which are also directly interconnected with the hippocampus, it can be envisaged that the partial knockdown can result in an imbalance within the entire network, in addition to altering the hippocampal modulation of accumbal activity.
Possible neurodevelopmental factors, of both prenatal and neonatal origins, however, also need to be considered in the interpretation of the current findings. It has been shown that manipulations of early life experience can alter the expression of PPI later in adulthood (eg, Ferguson et al 33 and Weiss and Feldon 34 ). The possibility that the mutant phenotype observed here might stem from developmental compensation or secondary changes cannot be excluded. Future experiments based on the use of inducible knockout techniques would be particularly useful to address this issue. If the PPI deficit reported here could be solely attributed to the partial reduction of hippocampal a5 GABA A receptors in the mutant mice, benzodiazepine may be effective in alleviating PPI impairment through enhancing GABA A receptorsmediated inhibition. 21 This suggestion is of relevance to a recent report that diazepam could enhance PPI in mice when administered on its own. 35 The brains of schizophrenia patients are reported to exhibit specific developmental abnormalities in the hippocampal formation, including subtle changes in connectivity and cell migration. 36 It would be interesting to examine if these also involve any reduction or mal-distribution of a5 GABA A receptors. There is increasing awareness that GABAergic interneurons may play a significant role in the aetiology of schizophrenia.
37 It remains to be tested whether pharmacological interventions designed to activate a5 GABA A receptors in the hippocampus would possess any antipsychotic property, given that schizophrenia patients have been consistently reported to exhibit a deficiency in PPI, and the extensive application of the PPI paradigm to model schizophrenia-like symptoms in animals.
It has been suggested that hippocampal GABA A a5 receptors may represent a potential site for therapeutic intervention against mnemonic impairment arising from hippocampal dysfunction. 5, 6 There is evidence that spatial working memory performance in rats can be enhanced by a novel class of GABA A receptor ligands exhibiting inverse agonism and a higher, though not exclusive, binding affinity for the GABA A a5 receptor subtype compared to the GABA A a1, a3 and a3 subtypes. 7 The present results in a5(H105R) mice suggest that selective GABA A a5 receptor inverse agonists ought to be evaluated on PPI and spontaneous activity in order to ascertain whether they may be associated with an adverse effect on sensorimotor gating and locomotor explorative behaviour. At the same time, GABA A a5 receptor may potentially be exploited as a novel target for antipsychotic pharmacotherapy designed to normalise intrinsic hippocampal activity.
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